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Some Experimental Work Related to Two Bismuth Sul fate Cycles and
Their Possible Improvement. Outline of a Possible Antimonyl Sulfate
Cycle with Separate Evolution of Sul fur Dioxide and Oxygen.

W. M. Jones
University of California, Los Alamos National Laboratory
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Introduction

Work on a bismuth sul fate hybrid thermochemical cycle began with the
suggestion by M. G. Bowman that som2 of the problems of hcat penalty and
corrosion associated with the use of solutions in thermoct:mical hydrogen
cycles might be decreased by the use of solids of low soluoility which could
be decomposed at high temperaturec and that this notion could be applied to
sul furic acid cycles by forming a sulfate from the WyS0,. TIdeally the
sulfate should have low solubility, few or no watcrs of hydration, and
decompose at not too high temperaturcs. Bismuth sulfate scemed suitable for
investigation,

Two bismuth sulfate cycles are made possible by the stepwise decomposi-
tion of the sulfate-oxysul fate system, Omitting atatement of the iteps for
decomposition of SO3 and the electrochemical formation of Hy and HyS0,
from SO and Hp0, the key reactions are:

Cycle 1
Bia(S04)3 = Big09 3(804)p.7 + 2.3 Sy

Bi 07 1(S04)0,7 * 2.3 R2804 = Big(S04)y + 2.7 H20

Cycle II
Big0(S04)2 = Biz07,3(S04)g,; + 1.3 SO

Big07,3(804)0,7 + 1.3 H3804= BigN(804)7 + 1.3 110

Cycle 1 proceeds through the intermediate oxysulfates Bi0(S04)7 and
Bi20280, and Cycle Il through Bi307804. Cycle I has the advantage

of generating 2,) moles of Hy per mole of Biy03, compared with 1.3 for
Cycle I1. Published workl on the Bi203-803-H20 system showe that

Bi7(504)3 is the stable solid in contact with H3504 solutions above

52,7 wt?, so that acid of at least this strength would have to be used in
Cycle I, Concentrations between about 3 wtZ and 52.7 wtX could be used fo-
Cycle I1. The efficiency for electrochemical formation of HpSO; and N
seems at present to be & maximum at around 30 wt2 H380,.

Some thermodynamic data obtained for the decomposition reactions will be
presented. A possible improvement in these cycles will be discussed which may
provide a solution to a problem of surption of W50, solution by the
solids and might allow use of a more dilute acid than in Cycle I above.



Equilibrium Pressures in the Decomposition of Biz(504)3 and u-and (- Bip0(S04)s

Work has teen completed? on determination of equilibrium total pres-
sures in closed systems for the first two stages of dissociation. Platinum
black was mixed with the solids to establish equilibrium (1), and the known
K; was used to obtain the equilibrium SOj pressures for (2) and (3).

The data are shown in Figs. 1 and 2, There is a transformation of
Biy0(S04)7 at Ty, = 815 % 5K

Pt
(1) S03 = SO07 + 1/2 0y
(2a) Big(504)3 = « - Big0(S04)7 + S03 /H = 33.6 kcal
(2b) Bip(S804)3 = B - Big0(S04)2 + SO3 Al = 18.8 kcal
(3) B - Big0(S04)9 = Bip0280, + SO3 M= 41,7 kcal
(4) « - Big0(S04)2 = -Big0(S04)9 OH = 5.2 keal
AS = 6.4 cal/deg

between a low temperature « and high temperature [t form. The transfcrmation
is unusually sluggish, allowing equilibrium pressures for (2b) involving
metastable [} to be measured below T,.. Pressurcs for (2a) were obtainced

after (3 had very slowly transformed in situ to stable « below Ty .. The ¥
form had been found from a new x-ray diffraction pattern observed when Bi20(504)3,
made outside the equilibrium apparatus by thermal decomposition of

Biz(S04)3, was annealed at a higher than usual temperature. Time-

temperature characteristics of the transformation and an independent value of
Tyr were then determined by annealing and x-ray powder diffraction. 7The

form appears to be stable indefinitely at room temperature. The transforma-
tion should not affect a cycle importantly but would have to be allowed for.
Additional crystal forms have not been found for the other components in (2a),
(2b), and (3).

Survey Experiments on the Thermal Decomposition of Big(504)4

Survey experiments on the decomposition of Bi(S04)q in flowing
helium showed breaks in decomposition rate after evolution of onc mole of
S03 at 1050 K and after two moles at 1150 K. At 1240 K the ahrupt decrease
in rate, after less than two minutes reaction time, took place after
evolution of 2.3 moles. Further evolution at 1240 K was very slow, leading to
formation uf a liquid phase (eventually Biy043(1)), and would require

excessive heat input. Process development work at lLos Alamos’4,5
has included the use of a bench-scale rotary kiln to atudy the rapid

decomposition reaction of Cycle II and several other decompositions. Theae
experiments, along with the thermodynamic data presented for the first two

stages of dissociation and the likelihood that no unusually large enthalpy

change will be involved in going from Bi;0250,4 to Biy07,3(S04)g,7,

determine the two cycles that are practically possible,

The gas evolved by the solid at each of the above temperaturcs was at
lewst 992 303, although extensive dimmociation would have taken place at

thermodynamic equilibrium. 503 ;. (jen the apecies emerging from the normal

sulfate and the first two oxysulfates. These solids were not



catalysts for 503 dissociation within the 0.25 minute residence time.
They weuid aiso not be catalysts for recombination of SOy + 1/2 0;.

The need in these cycles for heat at high temperatures to dissociate
S03 and for heat over a range of lower temperatures in the stagewise decom-
position of the solid makes the cycles candidates for use with a
high-temperature, gas-cooled reactor. The fact that the solids are not
catalysts for SOj dissociation would give some flexibility in matching
heat requirements to heat availability. If desired, a catalyst could be
mixed with the solid (if compatible with it snd the rest of the cycle), or
could be located independently. Decomposition of the solid would be more
extensive if it gave equilibrium SO9 + 1/2 0y pressures than if it gave
equilibrium SO3 pressure only.

Hydrates.Sorption of HypS04 Solutions by the Solids. Possible Improvement
of the Cycles - s il - -

The conclusion of Urazow et al.l wac initially accepted that anhydrous
Bi20(S04)7 was the stable phase in contact with Hy504 solutions
between 3 and 52.7 wtX, although previous preparative6 work indicated that
mono- and trihydrates could he formed. Later, two n~w x-ray patterns were
observed with samples of Bij0(S04)7 known to have been exposed to
moisture. A sample of Bin0(S04)7 prepared from Big0Oj in 1-2 M
Hp804 and dried with acetone and by mild heating in vacuum (preparation
by C. L. Peterson), showed one of “hesec patterns. This pattern was changed
to the sccond pattern after evolution of two moles of water at 2759C.
After much slower evclution of a third mole of water at 2759 the pattern
was that of anhydrous «=Big0(S04)2. The trihydrate is regularly
formed in preparations from Bij04 and 3IM H9S504 for kiln
decompositions,

Attention had earlier been drawn to occlusion of 350, by
Bi20(S0;) 72 (actually by the trihydrate) when the latter was formed by
adding Bij03 powder to stirred IM Hy504; the obsaerved final 0.8 M
H2S04 corrcsponded to the expected reaction. After centrifuging, the
solid was dried at 2B0°C to constant weight. The [inal weight and x-ray
di ffraction pattern unexpectedly corresponded to Bi2(SO4)3. Estimates
showed that about 10X more H80, had been present in the wet solid than
wvas necessary, upon concentration during heating, to give trisulfate. Since
the sorbed solution had about 75 moles 120 per mole of solid, the behavior
had no value as & method of making trisulfate. Later, C. L. Pcterson, in
making material under approximately the same conditions for decomposition in
a8 fluidized bed, was able to reduce the amount of sorbed sclution greatly,
in one case to 8.8 moles Hy0 per mola of solid. If we asaume that
incorporation of only 8 moles of N20 per mole of product can be achieved -
three as hydrate and five as sorbed solution - then if the solution were
11.1 m (52.1 wtX), enough Hy50,4 would be present to give trisulfate for
a cycle 1 process. Heat would have to be provided to vaporize 9 moles of
water, but only 4.5 moles per mole of Hy. While the acid concentration
could be somewhat lower tuan requireu for a direct cycle T, in which
stronger than 52.7 wt? acid would be neceded to avoid circulation of an
excessive volume of solution, a major advantage of this way of implementing
cycle I would be the climination of the sworbed solutiun problewm, with its
heat penalty. It would be necessary that the high temperature product



Biz03,3(504)0,7 be sufficiently active to react with the Hy50, to

give trisulfate before vaporization of the acid and that the trisulfate have
suitable characteristics for kiln operation. Other extents of sorption
would change the amount of H20 to be vaporized (the volume of solution
sorbed per mole of trihydrate may be a function of acid concentration).

The morphology and relatively large particle size of Bip0(504),
developed to give good characteristics for kiln operation come from a filter
cake of trihydrate with about 1J moles of water per mole of solid.4 The
sorted solution corresponds to seven waters and 0.36 H2S0,'s per mole of
solid (2.88 m, 22 wtZ final H9S04). 1f this H804 all reacted to
form trisulfate after concentration during heating, the final composition of
the solid would be Big03.,(804), with x = 2,36. 1In practice x
varied from 0 to 2.14,%4 Apparently the morphology and relatively large
size of these particles did not allow much reaction before Hy50,
vaporized.

Finally, it is possible that the formation of the trihydrate, although
not of the meonohydrate, could be avoided with the more concentrated
HyS0;4 for a cycle I, as indicated by the cxperiments in Table I, The
avoidance would be for kinetic reasons. It is assumed that Bij05 3(S04)¢,7
would behave like the Bip03 and Bip0(504)2 in Table 1. The heat
penalty associated with two H90's of hydration would bhe eliminated.
Sorption characteristics of the monohydrate would be different from those so
far observed, for the trihydrate.

The behavior of Bij(SO,)3 and its decomposition products in a kiln
are no: known, Difficulties might be encountered in the preparation of
material of suitable morphology, especially if one attempts to work through
the intermediate Bi0(S04)2-H70, rather than tac trihydrate.

Poqa\ble SmellflcntLon of the 503-507-0; Scparation Problem with a
T T 7T sulTurié Aeid-Aitimonyl "SulFate MNybrid Cycle ™

Sul furic acid-solid sulfate (or oxysulTlate) cycles in which the metal jon
has variable valence have the possibility ol lorming S07 and a higher
valence state oxide, The conditions on the sulfate outlined in the Introduc-
tion and decomposition of the oxide at reasonable temperatures to oxygen and a
lower valent oxide (for reaction witlh 11250,) would be necessary,
Decompusition of the sulfate to give both 307 and 803, as is found with
some firast transition series sul fat:s, would not be of intrrest. This
indicates the need to march the number of aulfates (say by rhoosing on
oxysulfate) to the ch~nge in oxidation number of the wmetal ion. One
possibility is antimonyl sulfate.

(1) $h09804 " Sby04 + SOy 900 K
(2) Sby04 = Sby03 + 1/2 0y 1300 K
(3) Sby0q + H2504 = Sby035C4 + W0
The temperature for (1) is suggested by the "glowing red'" temperature at which

Metzl? decomposed 5b9(804)3 to S04 aud Sby04. DNetailed conditions of the
experiment were not given. No mention was made of S0 formation,



Sby03 was apparently sometimes present, and some Sby0;4 could have

been formed by air oxidation of sesquioxide. However, in the event of
decomposition to Sbj03 and SOj, calculations show that 503 should
oxidize Sby03 to Sby04. It would be necessary that no catalyzed
diesociation of possible intermediate SO3 should take place.

The vapor pressure of Sbj03(1l) is relatively high at the temperature
of (2); avaidance of back reaction and recovery of the heat of condensation
wouid be necessary.

Hintermann and Venuto® report that anhydrous 8bj07S0; can be
formed in boiling 6.5 M Hy504 (9.0 m, 47 wtZ). The definite compound®,?
Sb507(504)2d or Sby03 2/3 SU3, forms in the range 4.3 to 6.9 M at room
temperature® or in 2.0 to 6.5 M in the boiling acid. 1If the solids sorb the
H9S04 solution, it might be possible to solve this problem and use weaker
acid then otherwise, as suggested for the bismuth cycles.
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Table 1

Hydration of Bij03:2S0O3 in more concentrated H750

Hy50,
Initial Solid Concentration Time
1. Bij03 50 wtZ 3h

(44 wtX final)

2., o-Bio03 2503 50 wtZ 40 min
3. a-Bij03 2503 50 wtZ 6 h
4. oBip03 2503 50 wtZ 5 h
5. o-Big03 2503 1 m. 10 min
followed by
44 weld 5k

Temp.,°C

25-40

25-40

75

100

25

75

Product

Bi;03-2503 (1.06 H20),

from initial weight and produc
after EtOH extraction of
H7804 and drying 6 h

at 228¢c.

Biy0-2503 (0.97 Hp0);
monohydrate x-ray pattern.

Bi;05°2503 (1.21 H90);
monohydrate x-ray pattern.

Bij03-2503 (1.88 H70);
trihydrate and monohydrate
X-ray patterns.

Big03 -2503 (3.1 H20);
trihydrate x-ray pattern.
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